Abstract
Background
Rhabdomyosarcoma (RMS) is the most common softtissue sarcoma of childhood and adolescence [1] . Because RMS cells possesses characteristics of skeletal muscle precursor cells [1] , expression of muscle protein has been used as a marker of RMS [2] . RMS can be divided into two broad histopathologic subtypes: embryonal RMS (ERMS) and alveolar RMS (ARMS) [3, 4] . ERMS is the most common variant, with more favorable outcomes than other variants; whereas ARMS is the second most common variant, being associated with a poor prognosis [5] . The presence of a PAX-FOXO fusion gene is associated with the poorer prognosis [6] . Further molecular characterization of ARMS may therefore reveal new therapeutic targets [1] .
The DMD gene is the largest human gene, spanning more than 2.4 Mb on chromosome X and composed of 79 exons. This gene encodes a 14-kb transcript, which produce dystrophin, a 427 kDa protein [7] . Dystrophin deficiency caused by mutations in the DMD gene is a fundamental defect in Duchenne muscular dystrophy (DMD), one of the most common inherited muscular diseases. DMD is characterized by muscle weakness, leading to fatal progressive muscle wasting, as well as other complications [8, 9] . In particular, two DMD patients have been reported to show complications of RMS [10, 11] .
The involvement of the DMD gene in tumorigenesis has indicated that dystrophin may act as a tumor suppressor. Somatic deletions of DMD exons have been identified in cancers with myogenic programs, enhancing their metastatic potential [12] . In addition, decreased dystrophin expression was found associated with lower survival rate in patients with gastrointestinal cancers [13] . Furthermore, DMD mutations were found associated with significantly poorer survival among patients with non-myogenic cancer [14] , and deletions in exons of the DMD gene were reported in four patients with ERMS [12] . Although dystrophin expression has been assessed in RMS as a marker of skeletal muscle differentiation, dystrophin has not been fully studied in patients with ARMS [2] .
Intron retention may result from genomic mutations that destroy conserved splicing regulatory sequences [15] . Alternatively, intron retention may result from mis-splicing, as shown by the incorporation of a premature stop codon into the mRNA, which is detected at extremely low levels [16] . Recently, ultra-deep high throughput RNA sequencing has revealed numerous transcripts with retained introns [17, 18] . Intron retention may play a role in regulating gene expression or in generating new mRNA isoforms [17, 19] . In particular, intron retention has been shown to be involved in tumorigenesis, by abolishing the expression of tumor suppressor genes in various cancers [18] . Introns retained by DMD mRNA have been identified as either pseudoexons [20, 21] or as an unspliced intron [22] , but the involvement of these DMD introns in the disease process remains to be clarified.
The CRL-2061 ™ (SJ-RH30) cell line was established from the bone marrow of a boy with ARMS [23] and was shown to possess the PAX3-FOXO1 fusion gene [24] . This cell line has been widely used, not only in studies on tumorigenesis and cancer therapy [25, 26] , but as a skeletal muscle surrogate [27] . However, the dystrophin gene expressed by these cells has not been fully characterized.
This study shows that CRL-2061 cells did not express dystrophin, despite the presence of DMD cDNA. High levels of retained introns were detected in CRL-2061 DMD cDNA, suggesting that intron retention abolished dystrophin production and disrupted the tumor suppressor gene DMD in CRL-2061 cells.
Methods

Cell line
The CRL-2061 ™ (SJ-RH30) cell line was purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA) within the last 2 years. These cells were cultured in RPMI medium (Gibco Life Technologies, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; Gibco Life Technologies), and 1% antibiotic-antimycotic solution (Gibco Life Technologies) at 37 °C in a 5% CO 2 humidified incubator. Cultured cells were rinsed twice with phosphate buffered saline (PBS; Sigma-Aldrich Co., St. Louis, MO, USA) and collected in lysis/binding buffer of High Pure RNA isolation kits (Roche Diagnostics, Basel, Switzerland).
Transcript analysis
RNA was extracted from cells according to the manufacturer's instructions (Roche Diagnostics). Human total skeletal muscle RNA was obtained from a human total RNA Master Panel II (Clontech Laboratories, Inc., Mountain View, CA, USA). cDNA was synthesized from 0.5 µg of each total RNA using random primers as described [28] . The DMD-transcript was PCR amplified as 20 separate fragments [21, 29] . Promoter specific transcripts and 9 short DMD intron regions were also PCR amplified [22] , as were transcripts of the PAX3-FOXO1 fusion gene [30] and the glyceraldehyde dehydrogenase (GAPDH) gene [31] .
PCR amplification was performed in a total volume of 10 µl, containing 1 µl of cDNA, 1 µl of 10× ExTaq buffer (Takara Bio, Inc., Shiga, Japan), 0.25 U of ExTaq DNA polymerase (Takara Bio, Inc.), 500 nM of each primer, and 250 µM dNTPs (Takara Bio, Inc.). The amplification protocol consisted of an initial denaturation at 94 °C for 5 min, followed by 30 cycles of denaturation at 94 °C for 0.5 min, annealing at 59 °C for 0.5 min, and extension at 72 °C for 1 min on a Mastercycler Gradient PCR machine (Eppendorf, Hamburg, Germany). Amplified PCR products were electrophoresed and semiquantitated using a DNA 7500 LabChip kit on an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Each sample was assayed in triplicate, and the peak height of each band was quantified and averaged.
Analysis of genomic DNA
Genomic DNA was extracted from CRL-2061 cells as described [32] . The presence of all 79 exons of the DMD gene in the genome was analyzed by a multiplex ligation-dependent probe amplification assay, performed by the LSI Medience Co. (Tokyo, Japan) using MLPA kit P034/035 DMD/Becker (MRC-Holland Co).
DNA sequencing
PCR-amplified products visualized by agarose gel electrophoresis were excised from the gel with a sharp razor blade, pooled, and purified using QIAGEN gel extraction kits (QIAGEN, Inc., Hilden, Germany). Purified products were subcloned into the pT7 blue T vector (Novagen, Inc., San Diego, CA, USA) and sequenced by Greiner Japan Co. Ltd (Tokyo Japan).
Western blotting
Dystrophin was analyzed by Western blotting. Protein samples were extracted using Cell Lysis Buffer (Cell Signaling Technology Inc., Danvers, MA, USA) containing protease inhibitor. Control muscle lysates were obtained from a normal immortalized cell line [33] . The protein extracts were mixed equal volumes of Laemmli Sample Buffer (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and boiled for 3 min. Proteins were resolved on Mini-PROTEAN ® TGX Precast Gels 10% (Bio-Rad Laboratories, Inc.), using HiMark ™ Pre-Stained Protein Ladder (Thermo Fisher Scientific, Inc.) as a protein size marker, and electro-transferred onto PVDF membranes (BioRad, Laboratories, Inc.). The membranes were blocked with 2% ECL Prime Blocking Reagent (GE Healthcare) and incubated overnight with a 1:1000 dilution of a rabbit monoclonal antibody against a synthetic peptide corresponding to amino acids 3661-3677 of the C-terminal domain of human dystrophin (ab15277; Abcam, Cambridge, UK), followed by incubation with anti-rabbit IgG secondary antibody (GE Healthcare). As a loading control, membranes were incubated with a 1:2000 dilution of a mouse monoclonal antibody against actin (C4, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), followed by incubation with anti-mouse IgG secondary antibody (GE Healthcare). Immunoreactive bands were detected with ECL Select Western Blotting Detection Reagent (GE Healthcare).
Results
To assess the quality of CRL-2061 cDNA preparations, PAX3-FOXO1 transcripts were PCR amplified, yielding a single product of expected size (Fig. 1a) . PCR amplification of GAPDH transcripts also yielded a single product of expected size, confirming that these cDNA preparations did not contain any genomic DNA.
To assess possible genetic alterations in the DMD gene transcripts of CRL-2061 cells, it was first necessary to determine whether genome DMD was intact. Multiplex ligation-dependent probe amplification assays showed that all 79 DMD exons were present in genomic DNA of CRL-2061 cells (data not shown), indicating that the genomic structure of the DMD gene is normal in this ARMS cell line.
To analyze DMD transcripts in CRL-2061 cells, fulllength DMD cDNA was RT-PCR amplified as 20 partially overlapping fragments. 16 of the 20 fragments were successfully amplified in CRL-2061 and muscle cDNA preparations (Fig. 1b) . While 15 fragments in both cDNA preparations were amplified as single products of expected size, the 5′-most sequence, extending from exon 1 to exon 8, was amplified as two products, a major and a minor product (Fig. 1b) . The major product was normally spliced and consisted of exons 1-8, whereas the minor product contained a cryptic exon 1a between exons 1 and 2, as reported in lymphocytes [20] . Exon 1a encodes a premature stop codon, and a cDNA containing this exon cannot produce dystrophin.
Four sets of primers amplified multiple cDNA products in CRL-2061 cells, but single products from normal muscle. The sequence encoding exons 67-72 in CRL-2061 cDNA was visualized as two bands (Fig. 2a) , with the larger band being the normally spliced product and the smaller band showing complete deletion of exon 71. Exon 71 is 39-bp long, with the cDNA containing skipped exon 71 maintaining the normal reading frame of dystrophin cDNA [34] . The fragment encoding exons 58-66 was visualized as three bands (Fig. 2b) , with the middle-sized band, of highest density, being the normally spliced product. The smallest band was found to be a non-specific product, whereas the largest band showing the presence of full-length intron 58 between exons 58 and 59. Retention of intron 58 resulted in the introduction of a stop codon, being the third codon in intron 58. The fragment encoding exons 36-41 was visualized as four amplified bands, two dense and 2 weak bands (Fig. 2c) . The upper dense band was the normally spliced product, consisting of exons 36-41. The lower dense band lacked exon 38; because this exon is 123-bp long, the cDNA reading frame was maintained [35] . Of the 2 weakly visualized bands, the larger was non-specific, whereas the smaller contained 568-bp of intron 40 between exons 40 and 41. This insertion introduced a premature stop codon [35] . No clone showed both exon 38 skipping and intron 40 retention, indicating that these two anomalies were mutually exclusive. These results clearly indicate that intron retention can be identified by conventional DMD cDNA analysis.
Notably, amplification of the fragment encoding exons 70-79 yielded multiple bands (Fig. 2d) . To confirm their identity, each of these bands was subcloned and sequenced. The smallest band was found to lack exons 71-74 and exon 78. The band of highest density was smaller and broader in size than that from muscle. Seventeen clones were sequenced, yielding five separate transcripts. Six clones showed deletion of exon 78, four showed deletion of exon 71, and three showed deletion of both. One clone lacked exon 73 and one lacked exons 73 and 78. Two large size bands were found to be non-specific products. Thus, amplification of this region showed six species of transcripts, resulting from alternative splicing. Twelve of the 17 clones lacked exon 78, indicating the importance of exon 78 skipping. This enabled production of dystrophin with an elongated C-terminal end. Although skipping of exon 73 along with neighboring exons has been reported [34] , this study is the first, to our knowledge, to show skipping of exon 73 alone.
These results showed that full-length DMD mRNA was produced in CRL-2061 cells. To extend these findings, dystrophin expression was assayed in CRL-2061 lysates by Western blotting, using an antibody against the C-terminal region of dystrophin. Although present in muscle tissue, full-length dystrophin was not detected in CRL-2061 cells (Fig. 3) . Because the full-length DMD transcript was present in these cells, these findings indicated translational arrest of DMD. Although retention of introns 40 and 58 has been hypothesized to be a mechanism underlying translational arrest, conventional cDNA analyses showed that little abundance of amplified products containing retained intron 40 or 58.
Intron retention in DMD mRNA was further investigated by amplifying nine short introns (i.e. introns 10, 14, 25, 31, 35, 40, 58, 70 and 75), using primers on neighboring exons [22] . Amplification of six of these nine introns (introns 10, 14, 24, 31, 35 and 75) yielded single products of expected size, indicating normal splicing of . The upper band in the latter was the normally spliced product, whereas the smaller sized product lacked exon 71 completely. The exon structure of the two products is shown schematically on the right. Boxes and numbers in the boxes represent exons and exon numbers, respectively. Partial nucleotide sequences at the junctions between exons 70 and 72 are shown under the boxes. b Exons 58-66. A single amplified product was obtained from muscle (M), whereas three products were obtained from CRL-2061 cells (CRL). The major band was the normally spliced product. Sequencing showed that the smallest-sized bane was a non-specific product, whereas the largest band contained full-length intron 58 between exons 58 and 59. The exon structure of the two products is shown schematically on the right. Boxes and numbers in the boxes represent exons and exon numbers, respectively. Bar indicates intron 58. Partial nucleotide sequences at the junctions between exon 58 and intron 58, and between intron 58 and exon 59 are shown under the boxes. The third codon in intron 58 is a TGA stop codon (box). c Exons 36-41. A single amplified product was obtained from muscle (M), whereas four bands, two dense and 2 weak, were obtained from CRL-2061 cells (CRL). The upper dense band was the normally spliced product and the lower dense band lacked exon 38. Sequencing showed that the largest sized product was non-specific, whereas the other large product contained exon 41e between exons 40 and 41. The exon structure of the two products is shown schematically on the right. Boxes and numbers in the boxes represent exons and exon numbers, respectively. Bar indicates intron 40. Partial nucleotide sequences under the boxes show the junctions between exons 38 and 39, exon 40 and intron 40, and intron 40 and exon 41. d Exons 70-79. A single amplified product was obtained from muscle (M), whereas several bands were obtained from CRL-2061 cells (CRL). The CRL sample lacked the band observed in M, but contained a single smaller, but broader band as its major product. Subcloning and sequencing showed that the larger sized products were non-specific. The smallest band represented an amplified product with deletions of exons 71-74 and 78. The major broad bands consisted of five products. Six clones showed deletion of exon 78, four showed deletion of exon 71, and three showed deletion of both. One clone showed deletion of exon 73 alone and one showed deletions of exons 73 and 78. The exon structures of these products are shown schematically on the right, with numbers to the left of these structures indicating the number of sequenced clones. Boxes and numbers in the boxes represent exons and exon numbers, respectively these introns (Fig. 4a) . In contrast, amplification of two introns (introns 58 and 70) yielded two products each (Fig. 4a) . The denser band resulting from amplification of intron 58 was the normally spliced product, consisting of two exons (58 and 59), whereas the larger, but less dense band consisted of full-length intron 58 inserted between exons 58 and 59. This finding was in agreement with the results of conventional cDNA analysis (Fig. 2) . However, the level of intron retention was high, with 24.9% of the amplified product containing intron 58 (Fig. 4b) . Similarly, the denser band resulting from amplification of intron 70 was identified as the normally spliced product, whereas the larger, but less dense band, accounting for 8.6% of amplified product, contained full-length intron 70 (Fig. 4b) . The incorporation of intron 70 into DMD cDNA introduced a stop codon at the seventh codon of intron 70.
Amplification of intron 40 yielded three bands, with the smallest being the normally spliced product consisting of exons 40 and 41 (Fig. 4a) . The middle-sized contained a 568-bp insertion, corresponding to the 3′ end of intron 40 (exon 41e), between exons 40 and 41 [33] . The largest band included the full-length intron 40 between exons 40 and 41 [22] . The relative densities of these three bands were 40.3, 50.6, and 9.1%, respectively (Fig. 4b) , indicating that about 60% of the amplification products included retained introns.
These intron retentions suggested somatic nucleotide changes in these regions. Examination of all amplified products containing retained introns 40, 58, and 70 for any somatic nucleotide changes showed that all sequences at splicing donor and acceptor sites, as well as sequences of flanking exons, were wild-type. Some of these retained introns introduced premature stop codons into the dystrophin reading frame, causing translational arrest. However, these partial intron retentions could not explain the total absence of dystrophin in CRL-2061 cells. Rather, the complete absence of dystrophin would require every transcript to retain at least one intron. Post-transcriptional modification of DMD transcripts by intron retention at only one but not multiple sites in each transcript may result in additivity of transcripts with at least one retained intron. The accumulated percentage of transcripts with at least one retained intron retention was nearly 90% (Fig. 4c) , indicating that almost all transcripts have one intron retention. Although possibly explaining the absence of dystrophin production in the cells, further studies are required to confirm this hypothesis.
Discussion
This study showed that CRL-2061 cells, established from a patient with ARMS, lacked dystrophin, despite expressing full-length DMD transcripts on conventional cDNA analysis. Non-expression of dystrophin was unexpected, because CRL-2061 cells share characteristics of skeletal muscle precursors and are used experimentally as skeletal muscle surrogates [27] . Although this discrepancy may be due to a loss of muscle lineage characteristics, CRL-2061 cells showed muscle-specific promoter activation of the DMD gene. In contrast, about 90% of DMD transcripts showed retention of three introns (introns 40, 58 and 70), which may have abolished dystrophin production. These results indicated that post-transcriptional modifications, not genomic mutations, caused this genetic defect in these cells. However, intron retention may occur at two sites, not at one [18, 36] .
Three studies have assessed dystrophin in cancers. One showed somatic genomic exon deletions in cancers with myogenic programs [12] , whereas the other two showed that dystrophin expression was reduced in gastrointestinal cancers [13] and in other non-myogenic cancers [14] . Our results suggest that intron retention may reduce dystrophin expression. Secondary gene alterations are rare in ARMS initiated by PAX3/7-FOXO gene fusion [37] . Our results indicated that the DMD gene in CRL-2061 cells is structurally normal, although its transcripts are abnormal, suggesting that post-transcriptional modifications of DMD should be analyzed as a secondary gene alteration in cancers.
Although conventional cDNA analysis revealed intron retentions, these products constituted only a small percentage of the PCR products, making it difficult to conclude that intron retention led to the complete absence of dystrophin expression. In contrast, intron specific amplification revealed a high level of intron retention. For example, amplification of intron 40 showed that intron retention in nearly 60% of the PCR products. The discrepant results of these two assays were likely due to differences in the efficiency of PCR amplification. Moreover, amplified products were separated using a DNA7500 LabChip on the Bioanalyzer, a highly efficient apparatus able to clearly separate extra-large products. Intron retention may result in a disease phenotype by altering the mRNA reading frame, or it may result in a mis-spliced product. Intron retention may be the second switch, after transcription, that regulates protein expression [19] . The DMD gene is characterized by very large introns, with the retention of part of intron 1 by mRNA first reported to be a cryptic exon [20] .
Subsequently, 14 cryptic exons were identified [21] , but their role has not been determined. Intron retention is a widespread mechanism for inactivation of tumor-suppressor genes [18, 38] . Dystrophin has been shown to act as a tumor suppressor [12] [13] [14] , making intron retention in the DMD a likely mechanism of tumor suppressor inactivation. [35] , suggesting that alternate splicing of this intron is specific to cancer cells. Tumor cells show many alternative splicing events associated with tumor progression and metastasis, and the deregulation of splicing factors [39] . Intron retention has been observed in cancers even in the absence of mutational insults to the splicing machinery [38] . In contrast, intron retention has also been observed to result from single nucleotide variants near splice junctions [18] . The mechanisms regulating DMD intron 40 retention should be further clarified in other tumorderived cells.
To our knowledge, this study is the first to show skipping of DMD exon 73 alone by conventional cDNA analysis. Previously, skipping of exon 73 alone in skeletal muscle was detected only by targeted RNA-Seq profiling [40] . Therefore, a high level of exon 73 skipping seemed unique to CRL-2061 cells. Skipping of exon 73 may produce dystrophin lacking an α-syntrophin binding site.
Skipping of DMD exon 78 was shown to be another major splicing product in CRL-2061 cells. Skipping of this exon has been reported in transcripts obtained from in skeletal muscle [34] and has been classified as fetal type [41] . Because RMS possesses the characteristics of skeletal muscle precursors [1] , fetal type splicing in CRL-2061 cells was not unexpected.
Rhabdomyosarcoma may be diagnosed by the immunohistochemical or molecular detection of a myogenic regulatory factor, such as MyoD or myogenin [42] . In contrast, the expression of contractile proteins, such as myosin, is indicative of differentiated tumor phenotypes [43] . Dystrophin is regarded as an immunohistologic marker of RMS [44] . Using an antibody recognizing the mid-rod domain of dystrophin, eight of nine RMSs were found positive for dystrophin [2] , whereas one showed -mRNA) . Splicing of the pre-mRNA produces mRNA with intron retention (thick bar) and exon 78 skipping (box at the top of the exon structure). This mRNA, with two defects, cannot produce dystrophin. Intron retention may be abolished by antisense oligonucleotide-mediated intron removal. However, this protein product differs at its C-terminal from dystrophin (grey box; mRNA with one defect). Splicing of exon 78 may result in the production of complete dystrophin mRNA. Boxes and lines represent exons and introns, respectively. The number in each box indicates exon number. Exon boxes are not drawn to scale lack of dystrophin expression. Dystrophin expression patterns can therefore differentiate between two types of RMS.
Dystrophin deficient RMS may be treated by induction of dystrophin expression. For example, re-expression of internally deleted mini-dystrophin has been shown to suppress the malignant phenotype of ERMS cells with a DMD gene harboring an exon deletion [12] . Two strategies may activate dystrophin expression in CRL-2061 cells, which have a normal DMD gene. Because the DMD transcript in CRL-2061 cells was shown to have two defects, intron retention and exon 78 skipping (Fig. 5) , dystrophin production may be restored by removing the retained intron from the transcript. Dystrophin-deficient DMD patients have been treated with antisense oligonucleotides that modulate splicing to skip exons with antisense oligonucleotides [45, 46] , with one of these oligonucleotides recently approved by the US Food and Drug Administration [47] . Therefore, treatment with antisense oligonucleotide may induce the removal of retained introns. Functional damage to dystrophin resulting from exon 78 skipping may be overcome by incorporating exon 78 into DMD transcripts, producing mRNAs containing the complete C-terminal end of dystrophin. This may be accomplished by a splicing regulatory mechanism, as suggested in the treatment of myotonic dystrophy [41] .
Conclusions
Dystrophin was not identified in CRL-2061 cells, despite the presence of full-length DMD cDNA. These transcripts showed high levels of retention of introns 40, 58 and 70, as well as exon 78 skipping. These findings suggest that intron retention may abolish dystrophin expression and promote tumorigenesis.
